Drought has always been one of the crucial water management issues especially in a dry climate areas. Recently this matter is emerging also in the Czech Republic and in other parts of the temperate and continental climate zone. With progressing climate changes, we can expect that the current water management systems will often have to adapt to new conditions. This paper offers an evaluation of artificial recharge as a drought mitigation method in areas with crystalline bedrock. The core of the study is a pilot location model solution, which provided a tool to assess the efficiency of artificial recharge, operated in order to improve water budged of a shallow hard-rock aquifer. The results of simulations confirmed suitability of artificial recharge through infiltrations wells or ponds, which significantly enhanced water budged of the experimental catchment and improved its potential as a water resource.
Introduction
The effect of climate change and long term drought on water resources is becoming an important water management issue for many regions worldwide, including Central Europe. Higher temperatures and changes in yearly temperature and precipitation patterns considerably affect local water supply systems. A statistically significant raise of surface evaporation has been recorded in Central Europe during last decades and because of the rising temperatures this trend is expected to continue in the future (Dezsi et al. 2018; Orth et al. 2016; Teuling et al. 2009; Seneviratne et al. 2006 ). According to Kašpárek (2007) , the annual increase of evaporation in the area is approximately 5 mm. The same source is also presenting a record of local changes in seasonal distribution of rainfall, with a decrease in summer precipitation and increase in winter precipitation. In consequence a larger portion of summer precipitation is absorbed by vegetation or evaporated and a deficit in aquifer cannot be compensated by increased precipitation in winter months.
A major part of Czech Republic is formed by crystalline bedrock, where groundwater occurs in shallow aquifer in permeable fissures and weathered zones. Similar hydrogeologic structures have been recognized as an interesting alternative groundwater resource by several researchers in different regions (Gustafson and Krásný 1994; Guihéneuf et al. 2014; Baiocchi et al. 2016) . Shallow fissured aquifers may locally reach to depths of several tens of meters. Sufficient amount of precipitation and high hydraulic gradient caused by rough topography lead to dynamic circulation of groundwater. In mountainous regions in the Czech Republic the specific groundwater runoff reaches values between 8 and 15 l/s (Krásný et al. 2012) . Such aquifer may provide an important local water resource. However, in comparison to deep sedimentary basin structures, shallow hard rock aquifers can be very vulnerable to drought, due to low accumulation capacity. Previous studies on Na Lizu site confirmed, that decrease in precipitation, which recharge shallow aquifer, leads to quick subsequent decrease of well yield in a given aquifer. According to the results of the hydraulic model, even a small drop in infiltration has a fundamental impact on transmissivity in shallow hard rock aquifers (Hrkal et al. 2007 ).
3
Artificial recharge is one of the possible approaches to mitigate the effect of drought by slowing down runoff from catchments and directly replenishing groundwater resources (Ringleb et al. 2016; Benseddik et al. 2017) . The source of infiltrating water can be surface water captured during heavy precipitation events to control floods. However a modern trend known especially from some arid and semiarid regions is infiltration of treated wastewater. Such approach substantially improves the effectiveness of water management in a given catchment. Experiences from Israel, Spain, USA, Australia, China, Iran, Jamaica, Marocco, South Africa and also from localities in Bohemian Massif in Czech Republic confirm, that process of attenuation in aquifers is capable to eliminate most of the casual pollutants in wastewater (Lallana and Krinner 2001; Ringleb et al. 2016; Rozman et al. 2013 Rozman et al. , 2017 . The European Environment Agency reports an increasing trend in artificial recharge in a number of above mentioned countries (Lallana and Krinner 2001) . Nevertheless, such technology of mitigation of drought in hard rock aquifers is practically unused in Czech Republic.
The modeling techniques proved to be a suitable tool for assessments, predictions of MAR (Managed Aquifer Recharge) and its operational schemes. Due to its flexibility, modeling assessment is often recommended to perform as a preliminary experiment (Maliva et al. 2015; Chitsazan and Movahedian 2015) .
The purpose of our study is to provide expert outcomes about effectiveness of artificial recharge in a mountainous hard rock region and its application as one of the groundwater withdrawals mitigation methods. The results of the study may be used as a material for further investigation, which could gradually lead to legislation adjustments and wider implementation of this technology.
Methods and experimental catchment
The subject of our research was studied by application of numerical modeling tools BILAN and MODFLOW. The combination of both tools enabled us to perform an experimental simulation of surface and groundwater flow in the catchment Na Lizu.
The experimental catchment Na Lizu is situated in the Šumava Mountains in Southern Bohemia, about 120 km SW of the capital Prague ( Fig. 1 abundant in greater depths and therefore also permeability is decreasing with depth.
The required data were acquired by the Czech Academy of Sciences, which runs monitoring system on the site (Fig. 2) . The model area was defined as a catchment of the surface water closing profile, with discharge record. The available meteorological records come from the borders of the catchment. This enables us to define representative meteorological conditions for the area by interpolation of the selected data series. The temperature and precipitation measurement stations are located on open meadows (M) as well as in the spruce and beech forests (I, L), which provides good information about interception of precipitation by the vegetation. The arrangement of the stations also enables analyses of temperature and precipitation patterns dependent on elevation of the terrain. The only groundwater level measurement points are two 25 m deep boreholes. One is located in the upper part of the catchment (WI) and the second borehole is located close to the northeastern border in the lower part of the catchment (WD). For model calibration purposes several groundwater level control points were defined. The values at those points were derived from the available groundwater depth data and its proximity to the creek, where groundwater level corresponds to the surface.
The first step of the assessment was hydrological modeling in BILAN, which simulates water balance components in a catchment. The model was developed by T.G. Masaryk Water Research Institute (Prague, Czech Republic) and was described in Tallaksen and van Lannen (2004) . It has been further developed during the last decade and it has proven to be a reliable tool in local conditions (Vizina et al. 2015; Hanel et al. 2012; Horáček et al. 2008) . The structure of the model is constructed by a system of equations describing basic principles of water balance. It simulates the process on the surface, in the soil aeration zone including the effect of vegetation and in the saturated zone. Air temperature is used as an indicator of energy conditions, which significantly affect the water balance components. The time resolution of the model is 1 day.
The input data includes daily series of precipitation, air temperature and relative air humidity. The required datasets were generated for the reference period from year 2009 to 2016. In mountainous regions, meteorological values vary significantly depending on elevation. Therefore data from several measurement stations were first statistically analyzed to find relations between them. The output of the statistical analysis was a factor, which was then used to correct the original data series and get new data series representative for the catchment.
The first step of preparation of air temperature data was calculation of the annual mean temperatures for stations M, L and I (Fig. 2) . The annual mean values were than compared to elevations of the respective stations and linear regression equation was found. The equation was used to calculate annual mean air temperature for the catchment, by setting elevation at 946 m a.s.l. and subsequently a correction factor was computed by comparing this value to mean value from one of the measurement stations. Original daily data series were than corrected by the computed factor. This procedure enabled usage of all of the accessible data from different stations to gain new data series representative for the catchment. The approach is based on proportionality of the meteorological values and elevation. The same procedure was used also to generate catchment representative data series of relative humidity and precipitation.
The BILAN model simulates the amounts of water stored in the snow pack, in the soil and in the aquifer. The simulated flow of water is dependent on six free parameters:
• capacity of soil moisture storage • snow melting factor • parameter controlling outflow from direct runoff storage • parameter controlling distribution of percolation into direct runoff and groundwater recharge under summer conditions • parameter controlling distribution of percolation into direct runoff and groundwater recharge under snow melting conditions • parameter controlling outflow from groundwater storage The parameters are calibrated using an optimization algorithm. The optimization process employs MAPE criterion to find the best fit between the observed and simulated runoff at the outlet from the catchment (Fig. 3) (BILAN 2015) . The gained results are potential and actual evapotranspiration, soil infiltration and recharge of the aquifer.
The BILAN output was used as a crucial input for the MODFLOW hydraulic model. The MODFLOW tool was developed by McDonald and Harbaugh (1984) of the US Geological Survey and had been updated for several times (Harbaugh et al. 2000; Harbaugh 2005) . It is a widely used international standard for hydraulic modeling of groundwater conditions (Yeh 2015; Singha et al. 2016) .
The hard rock aquifers are characterized by fracture systems, in which groundwater flow has a discrete character to a certain extent. However, due to high degree of weathering and dense fissuring network, this study assumes aquifers as an equivalent porous medium. This approach is often applied in similar conditions (Jaunat et al. 2016; Hrkal et al. 2009; Carrera et al. 1990 ). The primary and secondary porosity and the hydraulic conductivity distribution are replaced by continuous porous medium having equivalent hydraulic properties (Cook 2003) .
The geometry of the model is derived from a digital model of the terrain elevations in 10 × 10 m resolution and thickness of aquifers, which is estimated based on well log data from boreholes in the location. The assumed thickness of the shallow aquifer is gradually rising from 9 m in the upper part, to 13 m in the lower part of the catchment. This aquifer is underlain by another 15 m thick layer, with lower permeability, which represents a transition to impermeable bedrock in greater depths. For steady state simulation of the current natural situation, the model was completed by definition of no flow boundary condition along the watershed a recharge boundary condition over the area and a line of drainage, which represents a creek. A well and a river boundary conditions were added in the shallow aquifer to simulate different pumping rates and artificial recharge.
The calibration was performed by parameter sensitivity analysis and PEST automatic calibration tool.
After calibration the model was used for simulation of several hypothetical conditions, including long term drought and artificial recharge in the upper part of the experimental catchment.
Results and discussion
The hydrologic model provided parameters of the experimental catchment (Table 1) . For reference period 2010-2016 the mean annual rainfall reached 843 mm and mean annual air temperature 6.1 °C. Mean snow cover period is 92 days/ year and specific total runoff is 11.7 l/s/km 2 . According to the model 28% of precipitation is infiltrated and recharges the groundwater. In terms of this study, those are normal conditions. In year 2015, the wider area of Central Europe including Czech Republic and Šumava Mts. experienced relatively severe drought (Orth et al. 2016 ). In the catchment Na Lizu, it was detected as temperature raise by 0.2 °C and a distinctive 37% loss of precipitation. The shallow aquifer was recharged by only 20% of precipitation. In contrary to 28% during whole reference period this is apparently a result of lower soil humidity and increased evapotranspiration. The amounts of recharge and baseflow during whole reference period are practically equal, which is characteristic for a balanced system. However, during year 2015 the amount of baseflow was much higher than recharge. Apparently in such situation the long term water reserves of the catchment were used. In terms of this study, the outputs of the hydrologic model for year 2015 define drought conditions.
After calibration of the MODFLOW model, the hydraulic conductivity was set as follows: 
Normal conditions and drought
The basic results of hydraulic modeling in MODFLOW are groundwater levels for normal conditions presented in the 
Managed aquifer recharge (MAR)
Managed aquifer recharge was simulated as infiltration through recharge ponds and through infiltration wells. Both means of managed recharge were assessed and compared to each other. Hypothetic infiltration objects were set in the MOD-FLOW model as cells with river type boundary condition in the upper part of the catchment at elevation of 996 m a.s.l. Each recharge pond was defined as 10 m long, 3 m wide and 3 m deep basin, with 0.5 m thick gravel bed. The water level was set constantly to 1 m below surrounding terrain. The infiltration wells were defined as 9.5 m deep boreholes with 0.3 m in diameter. The water level was again set constantly to 1 m below surrounding terrain. For simulation with several objects, the distance between individual objects was aproximately 40 m, according to estimated distance of direct influence for such objects. Distance of influence was estimated based on Kusakin equation calculation (Aravin and Numerov 1953): where R = radius of influence (44 m), s = drawdown/ water level raise (8.3 m), K = hydraulic conductivity (9 × 10 − 6 m/s), H = initial thickness (9.5 m). As presented in the table (Table 2) , infiltration wells have lower effectivity than infiltration ponds. For simple systems Fig. 4 Contours of groundwater level for normal conditions and drawdown of groundwater level during drought a single object has infiltration capacity from 52 to 72 m 3 / day. For systems with several objects the overall infiltration capacity is higher, but the effectivity of a single object in the system is decreasing with increasing number of objects, due to their interaction. Although the theoretical radius of influence, calculated based on groundwater hydraulic theories, is relatively short, the effect of managed aquifer recharge is much wider. The model simulated the raise of groundwater level due to MAR even in the lower parts of the catchment.
MAR can be affected by clogging, when conductance of the infiltration objects reduces over time, due to differed chemical, physical and biological process. This study is not taking into account this phenomenon. However, the issue of clogging associated with MAR is described in detail in a monograph by Martin (2013) .
Further assessment of MAR in this study is based on simulation of two recharge ponds at 120 m distance and with very low interaction. This state results in infiltration rate 122 m 3 /day in normal conditions and 138 m 3 /day in drought conditions. Such setting in practice would probably represent a compromise solution with significant volume of infiltrated water and reasonable technical and financial demands of the system. A resulting extensive raise of groundwater level in the catchment is presented in next figures (Figs. 5, 6 ).
Managed aquifer recharge and groundwater extraction in drought
The impact of drought was demonstrated also by setting a hypothetic extraction well in the lower part of the catchment. In normal conditions its maximum yield reached 88 m 3 /day, while in drought conditions its maximum yield decreased to 24 m 3 /day. MAR in drought conditions enables maximum yield 55 m 3 /day. The effect of MAR in such situation is presented in Fig. 7 .
According to the model results, a single extraction well enables to retrieve about 40% of the water, artificially recharged in the upper parts of the catchment. The excess of the infiltrated water can be perceived as a contribution to drought mitigation of a wider area. However, more sophisticated groundwater extraction in lower part of the catchment could enable more efficient retain of the infiltrated water. Although this study is based on model simulations, which provide a theoretical solution, it tends to assess MAR within realistic limits. The simulated infiltration rate in drought is 138 m 3 /day or 1.6 l/s. The nearby town Zdíkov is located about 3 km north of the experimental catchment and it has about 2000 residents (permanent inhabitants and tourists). According to average water consumption in Czech Republic (90 l/day/person) those people use about 180 m 3 /day or 2 l/s. Due to loss of water in the system, the production of wastewater is slightly lower and can be estimated to approximately the same rate as simulated infiltration rate. The town operates a conventional mechanical-biological wastewater treatment plant and its effluent could potentially be used as a source of the infiltrated water for a similar artificial recharge site.
Conclusions
The combination of hydrologic and hydraulic modeling provided the results to assess the impact of drought and its possible mitigation method in specific conditions of mountainous hard rock shallow aquifer.
The simulation of drought event, recorded in year 2015, resulted in a distinctive 37% loss of precipitation, raise of air temperature and consequently only 45% of recharge (compared to long term average). Simulation of drought showed a significant drawdown of groundwater levels, especially in the areas close to the watershed but also in the vicinity of the draining creek.
Simulation of artificial recharge through infiltration wells and recharge ponds proved the efficiency of both techniques. The most appropriate tested mode of MAR for the site is two recharge ponds, with infiltration capacity 122 m3/day in normal conditions and 138 m3/day in drought conditions. Such artificial recharge generates an extensive raise of groundwater level in the catchment and enables higher yield of the extraction wells. A single extraction well in the lower part of the catchment retrieves about 40% of water artificially recharged in the upper part of the catchment. More sophisticated extraction scheme could enable more efficient retain of the infiltrated water.
The potential source for MAR in the experimental catchment is treated waste water from a nearby town Zdíkov, which could supply sufficient amount of water.
Although this study is based on realistic input data it provides rather generalized preliminary results. Any construction project on the pilot site should be supported by further detailed investigation (e.g. infiltration tests, assessment of the attenuation potential of the aquifer).
According to the results of this study, MAR is an interesting technique of drought mitigation also for vulnerable shallow hard rock aquifers in regions like Central Europe.
